We have developed a simple two-dimensional YAC pooling strategy to facilitate YAC library screening via STS and Alu-PCR approaches. The method has been implemented using the human total genomic YAC library of Olson and coworkers, and its validity tested by isolation of many chromosomes 19-and 21-specific YACs. The Alu-PCR approach is notable in that it is hybridization-based, such that PCR primer pairs do not need to be repeatedly synthesized and tested for each screening step.
INTRODUCTION
The polymerase chain reaction (PCR) based screening strategy of Green and Olson (1) has become the routine method for isolation of yeast artificial chromosome (YAC) clones. Despite its sensitivity, however, the method is relatively tedious and timeconsuming, particularly since the final step relies on colony hybridization to YAC arrays. While the colony hybridization step may be supplanted via a simple plate-PCR method (2) , the overall technique is still comparatively labor-intensive since it utilizes three successive rounds of screening, and requires growing up all clones for the YAC microtiter dishes identified in the second screening step. We have developed a modification of this method that relies on a simple, two-dimensional YAC pooling strategy, such that individual clones are uniquely defined by combinations of positive pools. Consequently, candidate clones can generally be identified after two successive rounds of PCR without the need to access the microtiter dishes until the clone is identified. We have implemented this method using the arrayed, 55,000-clone genomic YAC library of Olson and coworkers (3) (hereafter referred to as the St Louis genomic YAC library), and have successfully isolated several chromosome 19-specific YAC clones. These include 19 YACs putatively containing gene sequences for CEA (carcinoembryonic antigen), and five YACs mapping to the presumptive locus for myotonic dystrophy (DM). In addition, we have successfully screened Alu-PCR products from pooled YACs by Southern hybridization, using Alu-PCR probes derived from other YACs, from cosmids, or by subcloning from monochromosomal hybrid cell lines (4, 5) . In this way, we have isolated many chromosomes 19-and 21-specific YAC clones. This latter approach is hybridization-based and is an alternative screening method that alleviates the need to routinely synthesize STS primers for doing chromosomal walking and establishing YAC contigs.
METHODS

Pooling
A copy of the arrayed -55,000-clone St Louis genomic YAC library was obtained from the Human Genome Center, Lawrence Berkeley Laboratory. A flowchart illustrating the pooling procedures is shown below. 55,000 clone genomic YAC library subdivide into six 96-plate sets two replicas are made for each set, and YACs are pooled according to 1st or 2nd dimension pooling scheme 11st dimension, 96 pools | 12nd dimension, 96 pools) For each dimension, 12 pools are subsequently pooled to make superpools [ 8 superpools per dimension per set [ Briefly, the library was subdivided into six 96-plate 'sets', each set containing approximately 0.8 xcoverage of the human genome (5), and five replicas of each set were subsequently made. Replica plates were grown for 72 h at 30°C using 150 /d/well AHC media (2) supplemented with 25 /tg/ml thiostrepton (Sigma) and 10% glycerol. Two of the replicas were used for the two pooling schemes described below; the remaining three replicas were used for other purposes. Pooling was done with the aid of 12-channel pipettors and 1.5 ml microtiter tubes (complete details are available from the authors upon request). The two pooling schemes ( Fig. 1) were: 1st dimension-each pool representing all clones from a single 96-well dish; and 2nd dimension-each pool representing a constant well position (Al, A2, A3, ..., HI2) for 96 plates. Each dimension consists of 96 pools and each pool contains 96 clones; a total of 576 pools was thus required to represent each dimension: 6 sets x 96. To facilitate PCR screening of the library, 48 'superpools' were prepared for each dimension, with each superpool consisting of 12 regular pools (1152 individual clones): 1st dimension superpools consisted of all clones from 12 consecutive plates within respective set; 2nd dimension superpools consisted of all clones from each 'row' (A, B, C, etc.) of each set. Thus, each of the six sets was represented by eight 1st dimension superpools and eight 2nd dimension superpools. Pools and superpools were concentrated to a cell density of 1 -5x 10 9 cells/ml and stored at -80°C in 1.5 ml screw cap polypropylene tubes and microtiter dishes.
DNA and lysate preparation
DNAs were prepared from superpools using a miniprep method (6) , and brought to a final concentration of 20-100 pg/ml. In addition, crude cell lysates were prepared en masse in polypropylene microtiter dishes for all pools and superpools following a modification of a previously described method (2) . Briefly, 5 /il of each pool (superpool) suspension (5-25x10 6 cells) were added to 95 y\ lysis buffer-2 units zymolase (100T, ICN ImmunoBiologicals), 50 mM KC1, 10 mM Tris-Cl (pH 8.3), 2.5 mM MgCl 2 , 3 mM sodium acetate, 0.1 mg/ml gelatin, 0.45% NP40, 0.45% Tween 20, 120 mM /3-mercaptoethanol. Plates were sealed using plate sealers (Costar) and autoclave tape, and incubated at 37°C for 1 h then at 100°C for 10 min. Plates were spun briefly in a tabletop centrifuge and stored at -80°C between uses.
Sequence Tagged Site (STS) Screening
STS-PCR screening was done on the 1st and 2nd dimension superpools of each set (for all six sets, this is 96 PCRs). PCR reactions were performed in 50 /i\ volumes containing 1 -2 /il of respective template (miniprep DNA or superpool lysate), 50 mM KC1, 10 mM Tris-Cl (pH 8.3), 1.5 mM MgCl 2 , 0.01% gelatin, 200 /iM each dNTP, 1 pM each primer, and 1 unit Taq polymerase (Perkin-Elmer Cetus). Perkin-Elmer thermal cyclers were employed for all PCR experiments using the following profile: 1 min at 93°C, 1 min at 60°C, 1 min at 72°C for 30-35 cycles. PCR products (10 /xl) were analyzed by agarose gel electrophoresis. A second round of PCR was performed (as above) on all 12 pools corresponding to each positive superpool; combinations of positive 1st and 2nd dimension pools (per given set) define unique clones in the library.
Alu-PCR Screening
For Alu-PCR screening, all 96 superpools were amplified with a suitable Alu-PCR primer (see below). PCR conditions were essentially as described above, with the exception that some reactions were run in a BIOS hot air thermal cycler using the following profile: 30 sec at 93°C, 30 sec at 60°C, 30 sec at 72°C for 35-38 cycles. PCR products (20% of reactions) were electrophoresed through 1.5 -3% agarose gels and blotted to GeneScreenPlus (DuPont/NEN) membranes following the manufacturer's recommendations. All 96 superpool PCR samples and appropriate positive and negative controls could be run on two 14x20 cm gels using two 30-well combs per gel, i.e., the entire St Louis genomic YAC library is effectively reduced to two filters. Filters were then hybridized with selected Alu-PCR probes, including Alu-PCR products from individual YACs or cosmids, and cloned Alu-PCR fragments from hybrid cell lines (3, 4) . Probes were labeled via random priming (7) or by direct incorporation of a 32 P-dCTP in Alu-PCR amplifications (4). Hybridizations were done in SET solution (0.6M NaCl, 0.02 M EDTA, 0.2M Tris (pH 8), 0.1% NaP 2 O 7 , 2% SDS) using > 10 6 cpm/ml of probe. Two protocols were used to alleviate background problems associated with the short Alu repeat portions on the ends of each Alu-PCR probe. One protocol involved performing hybridizations and washes at relatively high stringency, i.e., hybridizations at 75°C and final washes at 75°C in 0.1 xSSC/0.1 % SDS. The other protocol utilized sonicated, human placental DNA (average size -300 bp) to block Alu repeat sequences on both the probes and filters. Filters were prehybridized at 65 °C for 2 -12 h in SET solution containing 100fig/ml of denatured, sonicated, human placental DNA. Probe and placental DNA (100 /ig/ml) were boiled in SET solution (0.5 li\ total volume) for 10 min and allowed to preanneal at 65 °C for 1 h; the probe solution was then added directly to prehybridized filters. Final washes were at 65°C in 0.1xSSC/0.1%SDS. As with STS-PCR screening, positive superpools were noted and a second round of Alu-PCR performed on pools corresponding to the positive superpools. Resulting products were Southern blotted and hybridized with the Alu-PCR probe; the positive pools were compared (per respective set) and analyzed (as above).
Primers
The CEA (carcinoembryonic antigen) primers used for PCR screening were kindly provided by Dr. James Weber (Marshfield, WI). The primers (Olsen et al., in prep.) generate 90-115 bp PCR products that span a polymorphic [CA] n repeat from the intervening sequence separating exons 1 and 2 of the genes encoding the CEA family (8) . The STS primers to the region containing the myotonic dystrophy locus (9) were obtained from Drs. Be Wieringa (Nijmegen, Netherlands) and Robert Komeluk (Ottawa, Canada). Alu-PCR experiments were performed with primer Al (10) or Alu 8 (5'-GCTTGCAGTGAGCCGAGAT).
Confirmation and characterization of positive YACs
Positive YAC clones were confirmed by performing STS-or Alu-PCR amplifications on crude lysates or miniprep DNA from candidate clones. Agarose plugs of embedded cells were prepared and subsequent pulse-field gel and Southern hybridization analyses performed using established procedures (6, 11, 12) .
RESULTS AND DISCUSSION
An illustration of the two-dimensional STS-PCR screening approach is given in Fig. 2 . It is important to note that screening is effectively performed on individual 96-plate sets, each set containing eight 1st dimension superpools and eight 2nd dimension superpools. STS-PCR screening ( Fig. 2A) , individual pools from the positive superpools are subjected to a second round of screening (Fig. 2B) . Combinations of 1st and 2nd dimension positive pools allows unique candidate clones to be identified within the set.
Importantly, since each set only consists of ca. i.e., for two hits, four candidate clones may need to be analyzed; for three hits, nine candidates; for four hits, sixteen candidates, etc. The STS-based PCR screening approach described above has been effectively used for isolating a number of chromosome 19-specific YACs, including 19 presumably encoding CEA genes (Olsen et al., in prep.), several mapping to the region of the candidate DM locus (9) and others (unpubl.). Regarding the former, the PCR primers employed amplify a polymorphic [C-A]n repeat within members of the CEA gene family (Fig. 3A) and hence, do not technically constitute a legitimate STS (13) . This, in part, explains the large number of clones identified. Fig. 3B shows results representative of PCR screening for the CEA-containing YACS. It is important to note that in all experiments, candidate clones were verified by performing PCR on lysates (or DNA samples) from the reference plate well positions (data not shown). In many cases, the YACs have been more thoroughly characterized by pulse field gel electrophoresis, in situ hybridization, and via localization onto our extensive chromosome 19 cosmid contig map (unpubl. database).
A further application of the two-dimensional YAC pooling scheme is its use in Alu-PCR screening. Alu-PCR utilizes primers to conserved portions of the Alu repeat and selectively amplifies sequences between two adjacent and properly-oriented Alu sequences (14) . Alu-PCR has been shown to be highly useful for many purposes, including isolation of human-specific, uniquesequence probes from human-rodent hybrid cell lines (9, 15, 16) or flow-sorted chromosomes (17) , for characterization of hybrid cell lines (15) , for producing 'fingerprints' of large-insert clones such as YACs and cosmids (18, Shutler et al., submitted), and for generating STSs (19) . Herein, we discuss the utility of the two-dimensional YAC pooling scheme for isolation of YACs via Alu-PCR and for contig extension. First, Alu-PCR products from all 1st and 2nd dimension superpools (total = 96) are electrophoresed, Southern blotted, then hybridized with appropriate Alu-PCR probes. Such probes can be from several sources, viz., Alu-PCR products from individual YACs, cosmids, and cloned Alu-PCR products from monochromosomal hybrid cell lines (4, 5) . Positive signals are noted and a second round of hybridization is done on Alu-PCR products of pools corresponding to the respective superpools. As with STS screening, unique YAC clones are delineated by comparison of positive 1st and 2nd dimension pools. Thus far, we have isolated >60 YACs using probes from a plasmid library of chromosome 19-specific Alu-PCR fragments (Amemiya et al., in prep.). In addition, we have demonstrated that Alu-PCR can be effectively used for contig extension. An example is shown in Fig. 4 , where a 650 bp Alu-PCR product from a chromosome 19-specific cosmid was used for screening the two-dimension YAC superpools. Positive signals were observed in the second and sixth sets (Fig. 4) and subsequent screening of respective pools yielded two candidate YACs. Further characterization of the two YACs revealed that they indeed overlapped the contig from whence the cosmid was derived (9) . Similarly, Alu-PCR products of chromosome 21-specific YACs from a library of hybrid cell line containing chromosome 21 as its only human material, were used to identify several overlapping YACs from the St Louis genomic library (Gingrich et al., in prep.). The use of Alu-PCR products as probes and hybridization targets has also been recently reported by Chumakov et al. (20) who are using this approach for generating human chromosome-specific YAC sublibraries.
In summary, we have developed a simple, two-dimensional pooling strategy for YAC library screening. We have successfully employed this strategy using the St Louis genomic YAC library and have isolated several chromosomes 19-and 21-specific YACs via STS-and/or Alu-PCR-based methodologies. The use of Alu-PCR for YAC screening is of note since the approach is hybridization-based and alleviates the need to repeatedly synthesize PCR primer pairs for each library screen. The approach is potentially applicable for constructing overlapping clone maps wherever inter-Alu-PCR products can be readily generated. We are currently applying this two-dimensional pooling and screening strategy for expanding contigs and obtaining closure of our chromosome 19 contig map (Carrano et al., unpublished).
